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At the IceCube Neutrino Observatory, a Surface Array Enhancement is planned, consisting of
32 hybrid stations, placed within the current IceTop footprint. This surface enhancement will
considerably increase the detection sensitivity to cosmic rays in the 100 TeV to 1 EeV primary
energy range, measure the effects of snow accumulation on the existing IceTop tanks and serve
as R&D for the possible future large-scale surface array of IceCube-Gen2. Each station has one
central hybrid DAQ, which reads out 8 scintillation detectors and 3 radio antennas. The radio
antenna SKALA-2 is used in this array due to its low-noise, high amplification and sensitivity
in the 70-350 MHz frequency band. Every scintillation detector has an active area of 1.5 m2
organic plastic scintillators connected by wavelength-shifting fibers, which are connected to a
silicon photomultiplier. The signals from the scintillation detectors are integrated and digitized
by a local custom electronics board and transferred to the central DAQ. When triggered by the
scintillation detectors, the filtered and amplified analog waveforms from the radio antennas are
read out and digitized by the central DAQ. A full prototype station has been developed and built
and was installed at the South Pole in January 2020. It is planned to install the full array by
2026. In this contribution the hardware design of the array as well as the installation plans will be
presented.
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Development of a scintillation and radio hybrid detector array at the South Pole
1. Introduction
The IceCube Neutrino Observatory, an in-ice Cherenkov light detector located deep in the
ice at the geographic South Pole, is designed to detect astrophysical neutrinos [1]. Its surface
component, IceTop, consists of 81 pairs of ice Cherenkov tanks, acting as a veto for muons entering
the deep detector and as a 1 km2 cosmic-ray detector. Over the years, snow accumulated on the tanks
(≈ 20 cm/year), leading to a decrease in resolution as well as an increase in threshold [2]. In order to
investigate the impact of snow on the tanks and to improve the cosmic-raymeasurements, an array of
scintillation panels will be deployed over the next years, covering the whole IceTop footprint [3, 4].
Radio antennas are added to this array in order to improve measurements of -max as well as improve
the absolute energy scale, and thus refining measurements of the cosmic-ray composition. These
detectors will be grouped into 32 stations, each station consisting of 8 scintillation panels and 3
radio antennas, read out by a central DAQ.
Two R&D scintillator stations with different designs were deployed in January 2018 and
performed well [3, 5]. One of these stations was upgraded with two radio antennas in January
2019 [6]. Using these experiences, a new prototype station combining and improving the previous
iterations was designed. This prototype station was deployed at the South Pole in January 2020,
replacing the old stations. With it, the first coincident measurements of cosmic-ray air-showers
using scintillation detectors, radio antennas and IceTop were obtained [7]. This work will present
the hardware design (sec. 2) and the performance (sec. 3) of this prototype station as well as the
hardware improvements for the full deployment (sec. 4).
2. The hardware
2.1 The data acquisition system - TAXI v3.0
The data acquisition system is an adapted version of the Transportable Array for eXtremely
large area Instrumentation studies (TAXI) [8], see fig. 1. The current hardware deployed at the
South Pole is TAXI v3.0. The TAXI board has an embedded Linux operating system running
on a microprocessor (Stamp9G45 by TasKit GmbH) and a FPGA (SPARTAN-6 by XILINX) for
processing the signals. The White Rabbit (WR) system provides nanosecond timing [9]. The TAXI
is powered with a double input of 24 V nominal, and the power is converted to lower voltages on
the board, as required. TAXI also provides power, communication and timing for the scintillation
detectors, which are described in sec. 2.2.
The analog radio signal output from the radioTad (sec. 2.3.2) is fed into one of the three DRS4
sampling chips [10] on the TAXI board and is then converted into a digital signal by a 8-channel,
14 bit, analog-to-digital converter (ADC) LTM9007IY-14. The DRS4 sampling chip is a ring buffer
chip composed of 8+1 channels with 1024 sampling cells each. The signal of first polarisation is
fed into the first four channels of the chip and the second polarisation in the next four channels.
This allows to set trace lengths of 1024 ns, 2048 ns or 4096 ns with a sampling rate of 1 GHz.
The radio and scintillator data is sent via a 1 Gb fiber link to the IceCube Lab (ICL) using a
WR layer. Before shipment, the TAXI board, the WR node (WR-LEN), the fanout board and the
radio front-end electronics are placed in a metal housing with connectors for the detectors as well
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Figure 1: Block diagram of all electronics for one station. This includes the TAXI board, the WR system,
the radioTads, the fanout board, the MicroDAQs and the LNAs.
2.2 Scintillator hardware
The different designs of the scintillation detectors (scintillators) of the previous stations have
been merged. Each detector weighs less than 50 kg and has an active area of 1.5 m2. It consists
of 16 plastic scintillation bars with a width of 5 cm and a reflective coating of TiO2 produced
by FNAS-NICADD. Wavelength-shifting fibers (Y-11(300) by Kuraray) are routed through two
holes in the scintillation bars to a Silicon Photomultiplier (SiPM) (13360-6025PE by Hamamatsu).
Since SiPMs have a temperature dependent behavior, a temperature sensor, placed close to the
SiPM, monitors the temperature during operation. The SiPM signals are fed to a microprocessor-
based board called Scintillator MicroDAQ v4.1 (MicroDAQ). To increase the dynamic range, each
MicroDAQ has three amplification channels. The factor between high and medium amplification
is ≈ 6.5 and the factor between high and low amplification is ≈ 77. The charge of the scintillator
signal is evaluated from the shaped pulse, read out by 12 bit ADCs. Due to the WR system, the start
time of the pulse can be determined with nanosecond accuracy. The digitized data is subsequently
transferred to TAXI.When the scintillators have a signal over a pre-defined threshold value, a trigger
signal is sent to TAXI to trigger the readout of the radio antennas. The scintillators are connected to
the TAXI DAQ via the scintillator fanout board. This board switches the power of the scintillators,
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2.3 Radio hardware
2.3.1 SKALA-2 antennas
Dual polarisation Log-Periodic Dipole Array (LPDA) antennas developed by the SKA collab-
oration are used as detectors for the radio emission from air showers [11]. Each polarisation of the
antenna has a dedicated Low Noise Amplifier (LNA). These antennas can function from 50MHz
to 650MHz, however, for the surface array, the frequencies above 350MHz are filtered (sec. 2.3.2)
due to the 360.2MHz frequency used for air traffic at the deployment site [12]. The LNA, located
directly at the top of the antenna, pre-amplifies the signal with a gain of 40 dB. Its noise figure is
as low as 40 K, which lies below the expected galactic and thermal noise [13]. This was confirmed
by an in-situ measurement of the galactic background noise as shown in section 3.2.
To avoid snow coverage of the antennas, they are placed on a mounting structure. Due to the
snow accumulation on site, the structure needs to be raisable. To accomplish this at small cost while
avoiding reflection off a metallic structure, sapele mahagony (Entandrophragma cylindricum) wood
is used for the structure. The baseplates are fixed to the ground with four 1 m long snow spikes.
Four 1 m dowels connect the baseplates with the square shaped "brace" of the structure, which
allows the raising of the antenna by attaching extension dowels. All parts of the mount were tested
in the laboratory at temperatures down to −70 °C to ensure its resistance in the harsh South Pole
environment. The antenna itself was previously tested at South Pole [6].
(a) (b)
Figure 2: In a) an elevated SKALA-2 antenna and in b) an elevated scintillation panel is shown. Both are
part of the deployed detectors in January 2020 and are both elevated above the ground and raisable to avoid
snow coverage. Picture credit: Y. Makino, IceCube/NSF.
2.3.2 RadioTad - Radio front-end electronics
The radioTad processes the single-ended analog signal input from one LNA to a filtered
differential analog output signal. The schematic of this board is shown on the left side of fig. 1.
There is one board for each antenna, therefore the board has two identical sections, one for each
polarisation. For sake of clarity, only one polarisation is depicted. A low-pass filter ULP-340+ and
a high-pass filter SXHP-48+ set the bandwidth to a nominal 70-350MHz. A bias-tee JEBT-4R2G+
transfers the power to the LNA while receiving the signal in the same cable. The signal is then
fanned-out and fed into four parallel amplifiers THS4508, which amplify the signal by 2-3 dB and
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are made via 10 cm LMR-240 cables with SMA connectors, 50m LMR-400 cables then connect the
TAXI electronic box to a 1.5m LMR-240 cable attached to each LNA. This design is based on the
first version [6], with the DC-DC converter now directly incorporated in the TAXI system.
3. Commissioning at the South Pole
3.1 The deployment
In January 2020, a first complete prototype station was deployed with 3 antennas, 8 scintillation
panels and a TAXI v3.0DAQ located in an elevated electronic box. Fig. 2a shows one of the deployed
antennas and its mounting structure standing in the Antarctic winter and fig 2b shows one of the
elevated scintillator panels. The layout of the deployed station is based on the station layout
presented in [4].




Figure 3: a) The SiPM gain is evaluated from fits to single P.E. peaks. Drawn in gold is the measured data
and in red, the Gaussian fits. b) The SiPM gain as function of temperature and voltage (AUXDAC).
The gain of the SiPM varies with temperature and applied voltage. It can be evaluated from the
distance between the single photo-electron (P.E.) peaks in the charge histogram.
IceCube Preliminary
Figure 4: Cumulative charge histogram of
the low amplification channel. After around
3500 ADC units, a saturation is visible.
As shown in fig. 3a, the positions of the peaks are deter-
mined by Gaussian fits. By repeating this measurement
at different temperatures and applied voltages, the gain
as a function of temperature and voltage (AUXDAC)
was determined, see figure 3b. This relation can be
used to stabilize the gain during operation, so the SiPM
voltage is adjusted to the temperature to keep the gain
constant.
In fig. 4 the charges measured with the low ampli-
fication channel between December 31, 2020 and April
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at the end of the histogram indicates a saturation of the electronics for very high-energy air-showers.
To increase the dynamic range of the detectors to this energy range, the amplification of the low
amplification channel can be reduced for the full deployment.
3.2.2 Radio detectors
IceCube Preliminary
Figure 5: One day median spectrum of the background (17th
April 2020) of the prototype station for each antenna and polar-
isation. Drawn in black is the expected galactic noise from the
Cane model convoluted with the electronic response [14].
The median spectrum of one day
of radio background data is shown
in fig. 5. All three antennas and
their polarisations are depicted here.
One can notice that the spectrum is
relatively stable between the anten-
nas. The black line denotes the galac-
tic noise based on the Cane model
and convoluted with the electronic
chain [14]. It can be seen that, as de-
sired, the galactic noise corresponds
to the noise floor of the radio sys-
tem.
4. Improvements on the hardware for future deployment
4.1 TAXI v3.2
The spectrum from the prototype station exhibits higher noise than the galactic background in
the region between 50MHz to 100MHz (fig. 5). The source of this noise was investigated and found
to be generated by TAXI v3.0 itself. Thus, the new central DAQ, TAXI v3.2, has a reduced RFI
emission mainly due to a better shielding of the DC-DC converters. Other minor improvements,
such as removing some of the unused components as well as increasing the bias voltage from 4.0V
to 4.5V for the radioTads, were also included. Another feature integrated in TAXI v3.2 is the
possibility to turn on and off remotely the power to the antennas which allows better investigations
on the internal noise of the DAQ system.
4.2 RadioTad v2
It was noticed that the differences in gain between the channels of a single board were fluc-
tuating above the 10 % requirement for accurate energy and -max reconstructions of air showers.
Furthermore, a phase difference between the channels was also observed. Although less crucial for
cosmic-ray physics, it needed to be improved in order obtain a more uniform traces. To solve those
issues, the following changes in the radioTad design were made :
• A splitter SCA-4-10+ was added to fan-out the signal while keeping the impedance constant.
• The use of a new bias-tee TCBT-2R5G+ helped to reduce the size of the components on the























Figure 6: a) Gain of the radioTad v1. b) Gain of the radioTad v2. The 16 lines represent each signal of the
differential pairs. The naming N and P in the legend refers to the two signals in the differential pairs and the
first number to the antenna’s polarisation. The effective total gain at the output of the TAXI, when the pairs
are added together is 6 dB higher.
• The layout of the board was completely redesigned with a special care for signal routing
(length and impedance).
Fig. 6 shows the reduced deviation of the gains between the 16 different channels. Each
differential pair is taken individually for this measurement in order to closely observe their behavior.
One can observe that the deviation of the old board (fig. 6a) is above the 10 % band whereas for the
new board (fig. 6b) it is located well below the 10 % band. Furthermore, the gain curve is flatter. In
this figure, one can also see the sharp cut-off of the high-pass filter and the more relaxed cut-off of
the low-pass filter.
IceCube Preliminary
Figure 7: Total gain comparison of the prototype sta-
tion in green versus deployment station in blue.
Fig. 7 shows the gain of the prototype sta-
tion (TAXI v3.0 + radioTad v1) compared to
the improved electronics (TAXI v3.2 + radio-
Tad v2). One can see that especially at higher
frequencies the amplification is improved and
the gain is more consistent across the entire
frequency band of interest. One can also no-
tice the lower than average amplification in
the lower frequencies (around 100 MHz). Al-
though TAXI v3.2 is better shielded, residual
RFI will be attenuated by this lower gain.
5. Conclusion and outlook
The IceCube Surface Array Enhancement is designed to mitigate the effect of snow accumu-
lation over the IceTop Cherenkov tanks, to improve the cosmic-ray measurements and to serve as
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achieved and proves the current design. Further improvements of the hardware will enable the array
to work optimally in the harsh South Pole environment.
6. Acknowledgements
We acknowledge the support by the Doctoral School "Karlsruhe School of Elementary and
Astroparticle Physics: Science and Technology", Dr. E. de Lera Acedo from the SKACollaboration
in addition to the IceCube acknowledgment list. Also, this project has received funding from
the European Research Council (ERC) under the European Union’s Horizon 2020 research and
innovation programme (grant agreement No 802729).
References
[1] M. Aartsen, M. Ackermann, J. Adams, J. Aguilar, M. Ahlers, M. Ahrens, D. Altmann,
K. Andeen, T. Anderson, I. Ansseau, and et al. Journal of Instrumentation 12 no. 03, (Mar,
2017) P03012–P03012.
[2] IceCube Collaboration and K. Rawlins PoS ICRC2015 (2015) 628.
[3] T. IceCube Collaboration, Huber, J. Kelley, S. Kunwar, and D. Tosi PoS ICRC2017 (2017)
401.
[4] IceCube Collaboration, A. Leszczyńska, and M. Plum PoS ICRC2019 (2019) 332.
[5] IceCube Collaboration, M. Kauer, T. Huber, D. Tosi, and C. Wendt PoS ICRC2019 (2019)
309.
[6] IceCube Collaboration and M. Renschler PoS ICRC2019 (2019) 401.
[7] IceCube Collaboration, H. Dujmovic PoS ICRC2021 (these proceedings) 314.
[8] T. Karg, A. Haungs, M. Kleifges, R. Nahnhauer, and K. H. Sulanke 6th International
Workshop on Acoustic and Radio EeV Neutrino Detection Activities (ARENA 2014)
Annapolis, MD, June 9-12, 2014 (2014) .




[11] E. de Lera Acedo, A. Faulkner, and J. Bĳ de Vaate, “Ska low frequency aperture array,” in
2016 United States National Committee of URSI National Radio Science Meeting
(USNC-URSI NRSM), pp. 1–2. 2016.
[12] United States Antarctic Program, “Field manual - comms.” https://www.usap.gov/
USAPgov/travelAndDeployment/documents/FieldManual-Comms.pdf.
[13] E. de Lera Acedo, N. Drought, B. Wakley, and A. Faulkner 2015 International Conference
on Electromagnetics in Advanced Applications (ICEAA) (Sep., 2015) 839–843.


















Development of a scintillation and radio hybrid detector array at the South Pole
Full Author List: IceCube Collaboration
R. Abbasi17, M. Ackermann59, J. Adams18, J. A. Aguilar12, M. Ahlers22, M. Ahrens50, C. Alispach28, A. A. Alves Jr.31, N. M.
Amin42, R. An14, K. Andeen40, T. Anderson56, G. Anton26, C. Argüelles14, Y. Ashida38, S. Axani15, X. Bai46, A. Balagopal V.38,
A. Barbano28, S. W. Barwick30, B. Bastian59, V. Basu38, S. Baur12, R. Bay8, J. J. Beatty20, 21, K.-H. Becker58, J. Becker Tjus11, C.
Bellenghi27, S. BenZvi48, D. Berley19, E. Bernardini59, 60, D. Z. Besson34, 61, G. Binder8, 9, D. Bindig58, E. Blaufuss19, S. Blot59,
M. Boddenberg1, F. Bontempo31, J. Borowka1, S. Böser39, O. Botner57, J. Böttcher1, E. Bourbeau22, F. Bradascio59, J. Braun38, S.
Bron28, J. Brostean-Kaiser59, S. Browne32, A. Burgman57, R. T. Burley2, R. S. Busse41, M. A. Campana45, E. G. Carnie-Bronca2,
C. Chen6, D. Chirkin38, K. Choi52, B. A. Clark24, K. Clark33, L. Classen41, A. Coleman42, G. H. Collin15, J. M. Conrad15, P.
Coppin13, P. Correa13, D. F. Cowen55, 56, R. Cross48, C. Dappen1, P. Dave6, C. De Clercq13, J. J. DeLaunay56, H. Dembinski42, K.
Deoskar50, S. De Ridder29, A. Desai38, P. Desiati38, K. D. de Vries13, G. de Wasseige13, M. de With10, T. DeYoung24, S. Dharani1,
A. Diaz15, J. C. Díaz-Vélez38, M. Dittmer41, H. Dujmovic31, M. Dunkman56, M. A. DuVernois38, E. Dvorak46, T. Ehrhardt39, P.
Eller27, R. Engel31, 32, H. Erpenbeck1, J. Evans19, P. A. Evenson42, K. L. Fan19, A. R. Fazely7, S. Fiedlschuster26, A. T. Fienberg56,
K. Filimonov8, C. Finley50, L. Fischer59, D. Fox55, A. Franckowiak11, 59, E. Friedman19, A. Fritz39, P. Fürst1, T. K. Gaisser42, J.
Gallagher37, E. Ganster1, A. Garcia14, S. Garrappa59, L. Gerhardt9, A. Ghadimi54, C. Glaser57, T. Glauch27, T. Glüsenkamp26, A.
Goldschmidt9, J. G. Gonzalez42, S. Goswami54, D. Grant24, T. Grégoire56, S. Griswold48, M. Gündüz11, C. Günther1, C. Haack27,
A. Hallgren57, R. Halliday24, L. Halve1, F. Halzen38, M. Ha Minh27, K. Hanson38, J. Hardin38, A. A. Harnisch24, A. Haungs31, S.
Hauser1, D. Hebecker10, K. Helbing58, F. Henningsen27, E. C. Hettinger24, S. Hickford58, J. Hignight25, C. Hill16, G. C. Hill2, K. D.
Hoffman19, R. Hoffmann58, T. Hoinka23, B. Hokanson-Fasig38, K. Hoshina38, 62, F. Huang56, M. Huber27, T. Huber31, K. Hultqvist50,
M. Hünnefeld23, R. Hussain38, S. In52, N. Iovine12, A. Ishihara16, M. Jansson50, G. S. Japaridze5, M. Jeong52, B. J. P. Jones4, D. Kang31,
W. Kang52, X. Kang45, A. Kappes41, D. Kappesser39, T. Karg59, M. Karl27, A. Karle38, U. Katz26, M. Kauer38, M. Kellermann1, J. L.
Kelley38, A. Kheirandish56, K. Kin16, T. Kintscher59, J. Kiryluk51, S. R. Klein8, 9, R. Koirala42, H. Kolanoski10, T. Kontrimas27, L.
Köpke39, C. Kopper24, S. Kopper54, D. J. Koskinen22, P. Koundal31, M. Kovacevich45, M. Kowalski10, 59, T. Kozynets22, E. Kun11,
N. Kurahashi45, N. Lad59, C. Lagunas Gualda59, J. L. Lanfranchi56, M. J. Larson19, F. Lauber58, J. P. Lazar14, 38, J. W. Lee52, K.
Leonard38, A. Leszczyńska32, Y. Li56, M. Lincetto11, Q. R. Liu38, M. Liubarska25, E. Lohfink39, C. J. Lozano Mariscal41, L. Lu38,
F. Lucarelli28, A. Ludwig24, 35, W. Luszczak38, Y. Lyu8, 9, W. Y. Ma59, J. Madsen38, K. B. M. Mahn24, Y. Makino38, S. Mancina38,
I. C. Mariş12, R. Maruyama43, K. Mase16, T. McElroy25, F. McNally36, J. V. Mead22, K. Meagher38, A. Medina21, M. Meier16, S.
Meighen-Berger27, J. Micallef24, D. Mockler12, T. Montaruli28, R. W. Moore25, R. Morse38, M. Moulai15, R. Naab59, R. Nagai16, U.
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